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TABLE 7.2-1 Summary of Service Stress Checks (T16051)

the design strip and its material properties and the
other on computed stresses. In the former, the mini-
mum reinforcement applies to the combined contri-
butions of stressed and non-stressed reinforcement.
Hence, the participation of each is based according
to the strength it provides, the prestressing steel is
accounted for with higher values. The reinforcement
requirement for crack control is handled separately.

% Unbonded and Bonded Tendons
Supports

At section A (Fig. 7.2-1):

Aomin = (0.26* fopm™by*d/fy) = 0.0012" by*d

Since in EC2 the minimum reinforcement is a func-
tion of (bt*d) cross-sectional area, at the face-of-
support the cross-sectional area including the drop
panel is used.

Cross-sectional Area

b, = 10350 mm

Drop panel width = 3,600 mm

Drop panel depth below slab = 200 mm
Tributary cross-sectional area =
3,600*200 = 3.204*10% mm?2

form = 0.5"40(2/3)= 3.51 MFa

(1) Aamin = 026 fo™by™ d/fie

10,2507240 +
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= 0.26* 3.51* 3.204*10°/460 = 6,556 mm?
(il) Agmin = 0.0013" b.* d
= 0.0013* 3.204* 108 = 4,165.2 mm?
Therefore, Agpin = 6,256 mm?2
Contribution of reinforcement from bonded Frestress-
ing:
Aps™(fpk/fyk) = 23" 99*1660/460
= 9207 mm2 > 6356 mm?
Hence, no additional bonded reinforcement is required.

Span
At eection C in epan (Fig. 7.2-1)
b, = 10350 mm
(i) Agmin = 0.26" 1Cctm%bt%d/fyk

= 0.26"2.51* 10350*212/460 = 4355 mm?2
(iNAgmin = 0.0013*b*d

= 0.0013*10350* 212 = 2852 mm?
Hence, Agmin = 4253 mm?2
Contribution of reinforcement from bonded Frestressing:
Aps™(fpk/fyk) =

23* 99M860/460 =9207 mm?2 > 4353 mm?
Hence, no additional bonded reinforcement is required.

*»  Minimum Reinforcement for Crack Control

In EC2 necessity of reinforcement for crack control is
triggered, where computed tensile stresses exceed a
code-specified threshold.

At all the three locations selected for code compliance,
the hypothetical tensile stress of concrete is below the
threshold for crack control. Hence, no crack control re-
inforcement is required.

EXAMFLE

For demonstration of EC23° procedure for crack con-
trol, let the maximum hypothetical tensile stress
in concrete exceed the threshold set in the code
(3.51MPa). Determine the required crack control re-
inforcement for the section reinforced with unbond-
ed tendons.?!

Given

fy, = 3.7 MFa (tension) at bottom
f; = -b.2 MPa (compression) at top
Depth of section = 240 mm

Width of section = 10,550 mm

30 EN 1992-1-1:2004(E), Section 7.3.2(3)

31 For members reinforced with grouted tendons, the cross-
sectional area of grouted tendons can be used to contribute
to the minimum required area for crack control.
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Required: Reinforcement for Crack Control

o, = fy = 460 MFa

k=1

Depth of tension zone at bottom, using Fig. 7.4-1
= 3.7°240/(3.7 + 5.2) =100 mm

A = 100M10350=10.35¢+5 mm?2

ko = 04" [1-( 0, /( kI (Wh") fur.09))

0, = Ngp /bh = 110 MFa (average precompression)

h* =h =240 mm

k1="15 (since section is in compression)

Criteria
'Fct,eff = foom = 0-5*(40)(2/5) = 3.51 MFa

Desigh

k . = 04" [1-( 110 /(15 (240/240) 3.51)] = 0.32
Aemm = ko k 'Fct,eff Act /05

Agpmin = 0.32% 1% B51%10.35e+5 /460 = 2499 mm?2

C.Based on TR-43

If the hypothetical tensile stress calculated for a
panel (design strip as used in this example) exceeds
the specified threshold given below, add non-pre-
stressed rebar in addition to the prestressing to re-
sist Nc %

(i) where unbonded tendons are used, and the hypo-
thetical full tributary tensile stress exceeds 0.3 feimg;
and

(ii) where bonded tendons are used, and the hypo-
thetical full tributary tensile stress exceeds 0.9 f.im .

The amount of non-tensioned reinforcement de-
pends on the tensile force (Nc) developed in the ten-
sile zone of the location being considered. The area
of (As + Aps) shall be adequate to resist Nc, where
Aps is the area of available “bonded” reinforcement.

** Unbonded Tendons

TR42 specifies a minimum amount of non-prestressed
reinforcement over the supporte. The required minimum
is based on both the cross-sectional geometry of the
design strip and the computed tensile stresses.

At Support

Based on Geometry>®

Asmin = 0.00075 Acf

Acf = cross-sectional area of the design strip in direc-
tion of analysis

32 TR-43 2nd Edition, Section 5.8.1; Table 4
33 TR-43 2nd Edition, Section 5.8.8
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As = 0.00075* 0.5*(10600*240 +10500*240)
= 1899 mm?2

Based on Computed Stresses™
Refer to Fig. 7.4-2 where £, is the concrete fiber stress
in compression; f . is the extreme concrete fiber stress
in tension.
Depth of tension zone: h-x = -f.*h/(fo.-fo1)
f.. = tensile stress = 1.60 MFa
f.c = compressive stress =-5.10 MFa
h-x = 1.60*440/(5.10+1.80) = 115 mm
As = Fy /(5™ /18)
Where F. is the total tensile force over the tensile zone
of the entire section
Fo=-f"b* (hx)/2
=1.60"10350*115/(2*1000) = 1071.23 kN
As = 1071.23*1000/(5*460/8) =3726 mm?
The applicable rebar for this condition is the calculated
value less area of unbonded tendons. Hence
As = 3726-23*99 = 1,449 mm?2
Comparing (i) and (i), As = 1,699 mm?
Use 10-16mm bars = 10* 201 mm?
= 2010 > 1,899 mm?2 OK

At Span

At span bonded reinforcement is required if:

computed stress is greater than 0.3 f g = 143 MPa.
f.t =calculated tensile stress = 1.26 MFa

Sincethe calculated tensile stressis less than O.3fctm,fl,
additional bonded reinforcement is not required.

s Grouted Tendons
At support (Foint A)
Based on Geometry-the same as in unbonded tendons.
Hence,
Agmin = 1899 mm?
However, the area of grouted tendon counts toward the
requirement
Available reinforcement = 23* 99 = 2277 mm?2
> 1899 mm?2 OK

Based on Computed Stresses

Refer to Fig. 7.4-2 where fcc is the concrete fiber stress
in compression; fct is the extreme concrete fiber stress
in tension.

f.. = tensile stress = 1.60 MFa

f.c = compressive stress =-5.10 MFa

h-x = 1.60*440/(5.10+1.80) = 115 mm

As = F; /(5™ /18)

Where F; is the total tensile force over the tensile zone
of the entire section.

34 TR-43 2nd Edition, Section 5.8.7
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fec (compression)

FIGURE 7.4-2 Stress Diagram

Fi = -fo" b* ( hx )/2 = 1.860M0350*115/(2"1000) =
1071.23 kN

As = 1071.23*1000/(5*460/8) =3726 mm?

The applicable rebar for this case includes the contribu-
tion of bonded tendons. Hence

Aps 23*99 = 2,277 mm?

As required = 3,726-2,277 = 1,449 mm?
Comparing (i) and (i), As = 1,449 mm? ,
deemed satisfied

Use 10-16mm bars = &* 201 mm? = 1,608 > 1,449 mm?
OK

since (i) is

At Span (Foint C)
Since the calculated stress is within the threshold val-
ue, no rebar needed

The minimum rebar required from different codes is
summarized in TABLE 7.4-1

TABLE 7.4-1 Summary of Minimum Rebar (mm?) (T16151)

Unbonded Bonded
Code
Support Span Support Span
ACI/IBC 1899 BB 0] 0]
EC2 o) o) o) 0)
TR43 1299 o) 1449 0)

7.5 Deflection Check

Recognizing that (i) the accurate determination of
probable deflection is complex [TN292]; and (ii) once
avalue is determined, the judgment on its adequacy at
design time is subjective, and depends on unknown,
yet important, parameters such as age of concrete at
time of installation of nonstructural members that
are likely to be damaged from large displacement, in
common construction, deflection checks are generally
performed following a simplified procedure. A rigor-
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ous analysis is initiated, only where the parameters
of design and applied loads are more reliably known.
In most cases, post-tensioned members are sized ac-
cording to recommended span/depth ratio proven to
perform well in deflection.®®

The simplified procedure includes:

(i) For visual and functional effects, total long-term
deflection from the day supporting shutters are
removed not to exceed a value that depending on
the code used varies between (span/250 EC2) and
(span/240 USA). Camber can be used to offset the
impact of displacement.

(ii) Immediate deflection under design live load
not to exceed (span/500 for EC2/TR43 designs) or
(span/480 for USA).2®

Both ACI 318/IBC and EC2 (EN 1992-1-1:2004(E)),
tie the deflection adequacy to displacement subse-
quent to the installation of members that are likely to
be damaged. This requires knowledge of construction
schedule and release of structure for service. In the
following the common design practice is followed.

For assessment of long-term displacement in the
context of foregoing, ACI 318 recommends a multi-
plier factor of 2.3’

Deflections are calculated using a frame analysis pro-
gram for each of the load cases: dead, live and post-
tensioning. Gross cross-sectional area and linear elas-
tic material relationship are used. Foint C at the middle
of span 4 is selected for deflection check. The values for
this point are:

Span 4 Deflection

Dead Load 5.5 mm
Fost-Tensioning -2.1' mm
Dead Load + FT 3.4 mm
Live Load Deflection 2.1 mm

% Long-term Deflection
Multiplier factor assumed for effects of creep and
shrinkage on long-term deflection = 2°°

35 TR-43 5.8.4; ADAPT-TN292

36 Both ACI 318 and EN 1992-1-1:2004(E) tie the deflection
check for long-term values subsequent to installation of mem-
bers that are likely to be damaged from added deflection.

37 ACI318-11R9.52.5

38 ACI 318 multiplier factor
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Load combination for long-term deflection, using a fac-
tor of 0.3 for sustained “quasi-permanent” live load:
(1.0*DL + 1.0*PT + 0.2*LL)*(1 + 2)

Long-term deflection: (1 + 2)*(3.4 + 0.5*2.1) = 12.1 mm
Deflection ratio = 12.1/(10.5"1000) = 1/667 < 1/250 OK

¢ Instantaneous Deflection Due to Design Live Load
Live load deflection = 2.1 mm

Deflection ratio = 2.1/(10.5"1000) = 1/5000

<1/460 or 1/500 OK

Deflection does not generally govern the design for
members dimensioned within the limits of the rec-
ommended values in ACI 318 and balanced within
the recommended range, and when subject to load-
ing common in building construction. For such cases,
deflections are practically always within the permis-
sible code values.

& CODE CHECK FOR STRENGTH

&6.1Load Combinations
% ACI-318/I1BC

1.2°DL + 1.6*LL + 1* Hyp
1.4*DL + 1*"HYP

% EC2
1.35"DL + 1.5"LL + 1" Hyp

& TR43
1.35°DL + 1.5°LL + 0.9" Hyp

For strength combination, the hyperstatic (Hyp) ac-
tions (secondary) from prestressing are used. The
background for this is explained in detail in refer-
ence [Aalami, 1990].

6.2 Determination of Hyperstatic Actions

The hyperstatic moments are calculated from the reac-
tions of the frame analysis under balanced loads from
prestressing (Loads shown in Fig. 6.4-4). The reactions
obtained from a standard frame analysis are shown in
Fig. 8.2-1a. The reactions shown cause the hyperstatic
toments in the frame shown in Fig. £.2-1b.

The hyperstatic (secondary) reactions must be in
self-equilibrium, since the applied loading (balanced
loads) are in self-equilibrium.

Check the validity of the solution for static equilibrium
of the hyperstatic actions using the reactions shown
in Fig. &.2-1a:

XVertical Forces = -15.85 +19.62 +0.42 + 5.529-9.924
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=0.005 =0 OK

IMoments about Support 1 = -62.44*2-17.73*2
+4.87°2 + 20512 + 92.73"2 + 19.6279 +0.42M9 +
5.529"29.6-9.924"40.1 = -0.05 kNm = O oK

8.3 Calculation of Design Moments
The design moment (M,) is the factored combination
of dead, live and hyperstatic moments.

Using ACI/IBC

Desigh moments are:

Mu1 =12* MD +1.0* ML +1.0* MHYF’
Muz =14 MD +1.0% MHYF‘

The second combination governs, when the values
from dead load are eight times or larger than live
loads. This is a rare condition.

By inspection, the second load combination does not
govern, and will not be considered in the following.

The factored moments for the codes considered are
listed in the following table.

8.4 Strength Design (ULS) for Bending and Ductility
The strength design for bending consists of two pro-
visions, namely

+ The design capacity (@*M,; R) shall exceed the
demand. A combination of prestressing and non-
stressed steel provides the design capacity.

% The ductility of the section in bending shall not be
less than the limit set in the associated building code.
The required ductility is deemed satisfied, if failure
of a section in bending is initiated in post-elastic re-
sponse of its reinforcement, as opposed to crushing
of concrete. For the codes covered in this example
this is achieved through the limitation imposed on
the depth of the compression zone (see Fig. C-8.4-1).
The depth of compression zone is generally limited
to 50% or less than the distance from the compres-
sion fiber to the farthest reinforcement (dr). Since
the concrete strain (e.) at crushing is assumed be-
tween 0.003 and 0.0035, the increase in steel strain
(e5) will at minimum be equal to that of concrete at
the compression fiber. This will ensure extension of
steel beyond its yield point (proof stress) and hence
a ductile response.

For expeditious hand calculation, the flexural capac-
ity of a post-tensioned member in common build-
ing structures can be approximated by assuming a
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PTS458m
-82.44 A7.73 4.87 26.51 92.73
d“v T i i h
47-15.85 f19.82 r 042 553 9.92
8244 1773 487 [26.51 7}92.73

(a) Reaction due to balanced
loading (kN: kNm)

2699 [89.01 (8424 |
D ol
o o %6 W 250

(b) Hyperstatic moments (kNm)

Post-Tensioning Actions on Design Strip
FIGURE 8.2-1

conservative maximum stress for prestressing ten-
dons. For detailed application of the code-proposed
formulas refer to TN179. Application of strain com-
patibility for the calculation of section capacity is the
accurate option (see TN178 for details), but its appli-
cation for hand calculation is not warranted in daily
design work of a consulting office, unless a software
is used.

There are two justifications, why the simplified
method for ULS design of post-tensioned sections in
daily design work are recommended. These are:

(i) Unlike conventionally reinforced concrete, where
at each section along a member non-prestressed re-
inforcement must be provided to resist the design
moment, in prestressed members this may not be
necessary, since prestressed members possess a

TABLE &.3-1 Desigh Moments (T16251)

Span 4 Point A Point B Point C
Mo (kN-m) [-901.00 -319.70 296.89
M. (KN-m)  |-347.40 126.60 16.20
Mive (KN-m) | 84.24 29.12 133.40
ACI 318-11/1BC 2012 : 1.2DL+1.6LL+1Hyp

My kN-m ‘-1552.&0 |-487.08 ‘ 67559
EC2:1.35DL+1.5LL+1Hyp

My kN-m ‘—1655.21 ‘ -522.38 ‘ 70850
TR 43 : 1.35DL+1.5LL+0.9Hyp

My kN-m ’—1661.65 ‘ -532.29 ‘ 695.16
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base capacity along the entire length of prestressing
tendons (Fig. C- 8.4-2a,b). Non-stressed reinforce-
ment is needed at sections, where the moment de-
mand exceeds the base capacity of the section.

(ii) In conventionally reinforced concrete, the stress
used for rebar at ULS is a well-defined in the prin-
cipal building codes. For prestressed sections, how-
ever, the stress in tendon at ULS is oftentimes ex-
pressed in terms of an involved relationship—hence
the tendency to use a simplified, but conservative
scheme for everyday hand calculation. For repetitive
work, computer programs are recommended.

Using strain compatibility procedure® the required re-
inforcement for each of the three codes are calculated.
The outcome is as follows.

% Cracking Moment Larger than Moment Capac-
ity: Where cracking moment of a section is likely to
exceed its design capacity in flexure, reinforcement
is added to raise the moment capacity. In such cases,
the contribution of each reinforcement is based on
the strength it provides. If the minimum value is ex-
pressed in terms of cross-sectional area of reinforce-
ment, the applicable value is (A; + Aps* fry/f)-

% Bonded (Grouted) Tendons

ACI-318%/IBC requires that for members rein-
forced with bonded tendons the total amount of pre-
stressed and nonprestressed shall be adequate to
develop a factored load at least 1.2 times the crack-
ing load computed on the basis of the modulus of
rupture of the section. In practice, this is taken as
cracking moment of the section Mcr.

The necessity and amount of rebar is defined as a func-
tion of cracking moment of a section (Mcr). For Fre-
stressed Members

Mcr = (fr + P/IA)*S
Where, fr is the modulus of rupture defined”
Fr = 0.625 Vfc = 0.625 V40 = 3.95 MFa

PIA is the average precompression, and S the section
modulus. The Table 7.4-1 summarizes the leading values
and the outcome.

39 ADAPT-TN178
40 ACI 318-11 Section 18.8.2
41 ACI 318-11 Section 9.5.2.3
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Distribution of Strain Over Section
FIGURE C&.4-1 Distribution of Strain over Section

Since at both the face-of-support (section A) and mid-
span (section C) the design capacity of the section
with prestressing alone exceeds 1.2*Mcr, no additional
rebar is required from this provision.

In design situations like above, where the design is
initiated by determination of whether a value is less
or more than a target, itis advisable to start the check
using a simplified, but conservative procedure. If the
computed value is close to the target, design check
can be followed with a more rigorous computation.

Table 8.4-1 Summary of Required Reinforcement for
Strength Limit State (mm?2) (T16390)

Unbonded Bonded
Code
Support Span Support Span
ACIl/1BC 3120 1923 1029 0)
EC2 4945 2590 3003 726
TR43 4945 2560 3003 726

Assume the following:

Cover to strand CGS =40 mm;

hence d = h (thickness)-40

Moment arm = 0.9d

Design force in strand = Aps* 1860 MPa; ® = 0.9

At face-of-support, with 23 strands, 1860 MPa
strength

®*Mn = 23* 99*0.9* 1860* (440-40)* 0.9/106 =
1372.21 KNm

The capacity is less than 1.2Mcr=1411 kNm for this
section. Rebar has to be added.

Design moment at midspan is calculated in a similar
manner.
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TABLE &.4-2 Cracking Moment Values and Farameters
(T16451)
Basic Span 4 Section A | SectionC
paramzters Siop (mMm?) 2.45E+08
an
3
analysis Spor (Mm®) 9.93E+07
P (kN) 2737 2737
P/A (MPa) -0.85 11
o+ (PIA) 4.8 5.05
Mcr (KNm) 176 501.46
1.2 Mcr (kNm) 1411 601
® Mn (kNm) 13572 66
Status Added rebar OK

TABLE &.4-3 Envelope of Reinforcement for
Serviceability (5L9) and Strength Conditions
(ULS) (mm?) (Tessi)

Unbonded Bonded
Code
Support Span Support Span
ACI/1BC (20 Bee 1029 o)
EC2 4945 2590 o105 726
TR43 4945 4235 2003 726

8.5 Punching Shear Check and Design

For moment capacity, the values obtained for a giv-
en section using different major building codes do
not vary substantially. But, for punching shear, the
treatment and outcome differ significantly. Due to
the larger variation, the subject matter is treated in
greater detail separately (Chapter 4, Section 4.11.6).

9 - CODE CHECK FOR INITIAL CONDITION

At stressing (i) concrete is at low strength; (ii) pre-
stressing force is at its highest value; and (iii) live
load generally envisaged to be counteracted by
prestressing is absent. As result, the stresses expe-
rienced by a member can fall outside the envelope
of the limits envisaged for the in-service condition.
Hence, post-tensioned members are checked for
both tension and compression stresses at transfer of
prestressing. Where computed compression stress-
es exceed the allowable values, stressing is delayed
until either concrete gains adequate strength, or the
member is loaded. Where computed tension stresses
are excessive, ACI/IBC*? suggest adding non-stressed
reinforcement to control cracking.

42 ACI 318-11; Section 18.4
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(a) Post-tensioned member
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n

(b) Moment capacity from PT
FIGURE C&.4-2 Demand and Capacity Moments (P500)
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- | c

dp de|d, dy

Aps ——— mmmm Tp
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rebar

prestressing

(a) Section (b) Elevation
Distribution of Basic Forces on a

Rectangular Section
FIGURE C&.4-3

9.1Load Combinations

The codes covered are not specific on the applicable
load combination at transfer of prestressing. The fol-
lowing is the combination generally assumed among
practicing engineers;

Load Case: 1.0*DL + O*LL + 1.15*PT

Specification of this design example calls for tendons
to be stressed with concrete cylinder reaches 50 MFa.
foi = 30 MFPa®

9.2 Stress Check
0 = =(Mp + 1.15*Mp1)/S + 1.15*FP/A
S=I/Y,

Allowable Stresses
< Based on ACl 318-11; IBC 2009

43 The value specified is on the high side. Most hardware
are designed to be stressed at 20MPa concrete cylinder
strength or less.
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TABLE 9-1 Stresses at Transfer of Fost-Tensioning

%
9-16mm x
| 1800 (T)

®

15-16mm x 2800 (T)
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PTS498m

© ®

(MesI)
Span 4 Section A | Section B | Section C
Mp (kN-m) -901.00 -319.70 296.69
Mer (kN-m) 425.860 234.45 -110.20
P (kN) 2737 2737 2737
P/ A (MPa) -0.85 -1.10 -110
f. (MPa) 0.70 -0.76 -2.98
f, (MPa) -3.67 -1.77 045
ACI-11/IBC 2009
F. (MFa) &7 -18 -18
F, (MPa) -18 -18 1.37
OK OK OK
EC2
F. (MPa) 2.90 -18 -18&
F, (MPa) -1& -1& 2.90
OK OK OK
TR-43
F. (MPa) 116 12 12
Fv (MPa) 12 12 116
OK OK OK

Note: Section properties |, A, Stop, Sbot are the same
as used for service condition stress check Fy and Fy, are
allowa-ble stresses at top and bottom respectively

control points PTS460
as shown on plan
) terminated tendons
stressing end
o [ =
] | o
Yl T T T =
g |} ;
[l L P \
| span/s T’ low pomt | !
| L2 L L2 ) ‘ 2 | 1ap { L32 |
L u 1 12 ] |
! exterior span , interiorspan | exterior span !

3 ¥
1| with stressing“| ﬂ| no stressing 1‘

Note: b=0.1L

Profile for Banded Slab Tendons
FIGURE 10-1

Tension = 0.25* V30 = 1.57 MFa
Compression = 0.60* 30 = -15 MFa

27 mm typ uno

@ midspan
17-16mm x 3500 (B)
8-16mm x 10500 (B)

213 mm typ uno @ 16-16mm x 4200 (T)

support |

|
s
| N

C}/ Shows number of strands

FIGURE 10-2 Layout Using ACI 31& Solution

s Based on EC2
Tension = f . = 2.90 MFa
Compression = 0.60* 30 = -1& MFa

& Based on TR-43

Tension = O.4f ., = 1.16 MFa

Compression = 0.40* 30 = -12 MPa

Farthest fiber stresses are calculated in a similar man-
ner with to service condition as outlined earlier. The out-
come is summarized in the following table.

10 - DETAILING

The final tendon and reinforcement layout for the de-
sign strip at line B is shown in figures 10-1 and 10-2 for
unbonded tendons. Unbonded tendons are flexible and
lend themselves to swerving on plan as shown in the
figure. Bonded tendons are not as flexible. They are gen-
erally arranged along straight lines.
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